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Evidence for apical sodium proton exchange in macula densa cells.
These studies were performed to determine if changes in luminal sodium
chloride concentration ([NaCII) might alter macula densa intracellular
pH. Isolated thick ascending limbs with attached glomeruli were bathed in
a 150 mi NaCI Ringer's solution and perfused in vitro with a 25 mt NaCl
solution; N-methyl-D-glucamine cyclamate was used to substitute for
NaCI. Macula densa cells were loaded with BCECF and intracellular pH
was monitored using a microscope based-dual excitation photometer
system. Control intracellular pH for all experiments in which tubules were
initially perfused with 25 mM NaC1 averaged 7.22 0.06; N = 28.
Increasing luminal [NaC1} from 25 to 150 m elevated macula densa pH
by 0.15 0.03 (N = 6; P < 0.05) while increasing just luminal [Na] from
25 to 150 mrvi alkalinized macula densa cells by 0.17 0.05 (N = 6; P <
0.05). In addition, there was a highly significant linear relationship
between luminal [Na) and intracellular pH between 25 and 150 ms NaC1.
Other studies were performed to assess the effects of amiloride, an
inhibitor of Na:H exchange, on macula densa intracellular pH. Addition of
amiloride, to the 25 mi NaC1 perfusate acidified macula densa cells by
0.09 0.03 (N = 6; P < 0.001) and significantly attenuated the increase
in pH obtained when luminal [NaCI) was raised from 25 to 150 m. Other
studies evaluated the effects of inhibition of Na:2C1:K cotransport on
macula densa pH. Furosemide (50 tLM) alkalinized macula densa pH by
0.11 0.02 (N = 5; P < 0.01) in the presence of 25 mrt NaCI in the lumen
whereas amiloride entirely reversed the furosemide-induced alkaniniza-
tion in these cells. These results demonstrate that changes in either
luminal [NaCI] or furosemide-sensitive NaCI transport can alter macula
densa intracellular pH presumably by varying the Na gradient across the
apical membrane. The results of these studies are consistent with the
existence of an apical Na:H antiporter in macula densa cells.
Macula densa cells, located at the point of contact between
cortical thick ascending limb and glomerulus, are an integral
component of the tubuloglomerular feedback mechanism [1]. This
feedback mechanism is thought to involve detection of changes in
luminal fluid composition by macula densa cells and transmission
of information to afferent arteriolar smooth muscle cells. Tubu-
loglomerular feedback signals produce changes in renal vascular
resistance which are responsible for alterations in glomerular
filtration rate (GFR) [2—6]. Tubuloglomerular feedback may be a
major factor in linking single GFR with tubular reabsorption as
well as in the autoregulation of renal blood flow and GFR.
To gain further insights into this mechanism, recent studies
have utilized isolated segments of cortical thick ascending limbs
(CTAL's) with attached glomeruli and in vitro tubular perfusion
techniques. This approach, coupled with electrophysiological
techniques, has provided the means of defining and examining
certain transport characteristics of macula densa cells [7—11]. For
example, it was found that basolateral membrane potential (Vbl)
of macula densa cells depolarized by approximately 30 mV in
response to increases in luminal fluid sodium chloride concentra-
tion ([NaC1]) from 20 to 150 mrvi [9, 10]. Further studies by our
laboratories [8] and others [10, 11] demonstrated that Vbl was
sensitive to the addition of furosemide to the lumen, suggesting
that NaC1 movement across the luminal membrane occurred, at
least in part, through a Na:2C1:K cotransporter. Although no
evidence was obtained for apical electrogenic conductances for
Na or Cl [8], recent studies using patch clamp techniques and
previous electrophysiological studies [10] have identified the
presence of apical potassium channels that are sensitive to
changes in cytosolic pH and calcium [12]. Finally, other studies
utilizing microelectrodes have identified a basolateral Cl conduc-
tance that may participate in the regulation of Vbl through
transport related changes in intracellular [Cl] [7, 10].
In other renal epithelia, including proximal tubule and thick
ascending limb, a Na:H exchanger has been identified in both
apical and basolateral membranes and it is generally recognized
that this exchanger plays an important role in the control of
intracellular pH [13—22]. It was therefore of interest to determine
if such an exchanger also existed in macula densa cells. We were
particularly interested in the presence of an apical Na:H trans-
porter since under normal conditions, luminal [NaCI] can vary
within the range of 20 to 60 m due to flow dependent changes in
NaC1 transport by the thick ascending limb [5, 23, 24]. Therefore,
the existence of a luminal Na:H exchanger might lead to a
mechanism in which macula densa cells, through changes in
intracellular pH, would be sensitive to physiological alterations in
luminal [Na]. The purpose of these studies was to directly
measure macula densa intracellular pH using the fluorescent
probe BCECF during alterations in luminal fluid [NaC1].
Methods
Experiments were performed using kidneys obtained from
female New Zealand white rabbits weighing 0.5 to 1 kg main-
tained on Purina Rabbit Chow. Saggital slices of kidney were
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placed in a dissection dish containing Ringer's solution composed
of (in mM): 148 NaCI, 5 KC1, 1 MgSO4, 1.6 Na2HPO4, 0.4
NaH2PO4, 1.5 CaCI2 and 5 D-glucose. Glomeruli with thick
ascending limbs were isolated and transferred to a chamber
containing Ringer's solution which was mounted on an Leitz
Fluovert inverted microscope with quartz optics as described
previously [25, 26]. The thick ascending limb was cannulated and
perfused with Ringer's solution. The bathing solution was contin-
uously aerated with 100% 02 and the solution in the chamber was
exchanged at a rate of 1 mI/mm. Temperature was maintained at
37°C. Luminal solutions were modified by isosmotically replacing
Na with N-methyl-D-glucamine and Cl with cyclamate (Sigma
Chemical Co., St. Louis, MO, USA) in order to achieve a [Na] or
[Cl] of between 25 and 150 mii. All solutions were adjusted to a
pH of 7.4. In some experiments, 50 p.M furosemide (Elkins-Sinn,
Inc., Cherry Hill, NJ, USA) and/or 1 mr'i amiloride (Sigma
Chemical Co.) were added to the perfusion solution.
Intracellular pH of macula densa cells was measured with dual
excitation wavelength fluorescence microscopy (Photon Technol-
ogies, Inc., Princeton, NJ, USA) using the fluorescent probe,
2',7'-bis-(2-carboxyethyl)-5 (and -6) carboxyfluorescein acetoxy-
methyl ester (BCECF-AM; Molecular Probes Inc., Eugene, OR,
USA) dissolved in dimethylsulfoxide. Excitation monochrometers
were set at 500 and 440 nm and light entering the microscope was
alternated between these two wavelengths by a computer con-
trolled chopper assembly. Fluorescent emissions were restricted
by a 10 nm bandpass filter centered at 530 nm. An adjustable
optical photometer sampling window was positioned over the
macula densa cells and emitted photons were detected by a Leitz
photometer that was modified for photon counting. Magnification
was 400x using an Olympus 40x UVF lens. Fluorescence mea-
surements were performed at a rate of 20 points/sec, and data
were stored and processed using PTI software [25, 26].
Macula densa cells were loaded with dye by adding
BCECF-AM (10 LM) to the 25 mi NaC1 luminal perfusate.
Tubules were perfused with BCECF-AM while monitoring mac-
ula densa BCECF fluorescence at both excitation wavelengths.
Loading of macula densa cells with BCECF-AM generally re-
quired 5 to 10 minutes, at which time cps for both wavelengths
stabilized at values that were at least ten times greater than
background fluorescence. Background fluorescence was sub-
tracted from each channel. BCECF-AM was removed from the
lumen and a period of 10 to 15 minutes was allowed to elapse
before measurements were performed.
BCECF ratios were converted to pH units using an intracellular
calibration procedure similar to that reported by Alpern [27] and
Chaillet and Boron [28]. Macula densa cells were loaded with
BCECF and then perfused and bathed with a solution containing
(in mM) 120 KC1, 1.0 MgC1, 1.5 Na2HPO4, 25 HEPES and 14 p.M
of the K/H ionophore nigericin (Sigma Chemical Co.). For both
the bath and luminal solutions, pH was adjusted in increments of
0.4 pH units between 6.4 and 8.0. The relationship between pH
and ratio was linear between pH of 6.4 to 8.0. Ratios obtained at
each pH and experimental ratios were converted to pH by
interpolation.
Experimental studies consisted of only the manipulation of the
luminal solution while maintaining the composition of the bathing
solution constant. For these studies, the BCECF ratio was mon-
itored for approximately 100 seconds during perfusion with the
control Ringer's solution in which both [Na] and [Cl] were 25 mM.
After a stable control period was obtained, the luminal perfusate
was switched to one containing a different [NaC1] and/or drug and
the ratio was monitored for an additional 100 to 300 seconds or
until a steady state value was obtained. The perfusate was then
returned to the 25 mrvi Ringer's solution and a recontrol value
obtained. All pH values reported in these studies are steady state
changes in intracellular pH.
Data are expressed as mean SE. Statistical significance was
established using Student's paired t-test or linear regression
analysis. Significance was accepted at P < 0.05.
Results
Using BCECF, the overall average macula densa intracellular
pH in these studies was 7.22 0.06 (N = 28) in the presence of
25 mi luminal NaC1 and 150 mM NaC1 in the bathing soution. The
first series of studies were performed to determine the effects of
luminal [NaCl] on macula densa intracellular pH. An example of
such an experiment is shown in Figure 1A. In response to an
increase in luminal [NaC1] from 25 to 150 m, there was a rapid
alkalinization of macula densa cells. This increase in cellular pH
was sustained and reversible upon the return of luminal [NaC1] to
25 m. Figure lB illustrates that the same general pattern of
response was obtained if only Na was elevated from 25 to 150 mri,
and also demonstrates the reversibility of this response upon
return of luminal [Na] to 25 mrvi. These studies are summarized in
Figure 2. Macula densa pH increased by 0.15 0.03 (N = 6; P <
0.01) in response to an increase in luminal [NaCl] from 25 to 150
m and by 0.17 0.05 (N = 6; P < 0.05) when Na was elevated
to 150 m at constant luminal Cl. The relationship between
luminal [Na] and intracellular pH is shown in Figure 3. In each of
six experiments there was a progressive increase in macula densa
cell pH as luminal NaC1 was increased from 25 to 150 m. The
relationship between pH and luminal [Na] was y = 0.003(x) +
7.024 with an r value of 0.996 based on linear regression analysis.
If the alkalinization obtained with increases in luminal [Na] or
[NaCI] was due to Na:H exchange, then it should be sensitive to
amiloride. This issue was addressed in the next series of studies
which are summarized in Figure 4. As shown on the left side of
Figure 4, addition of amiloride (1 mM) to the perfusate acidified
macula densa cells by 0.09 0.03 (P < 0.001) in the presence of
25 mi luminal [Na]. It also blunted the increase in pH obtained
with an elevation in luminal [NaCl]. pH in response to increased
luminal [NaCl] from 25 to 150 mrvi was 0.33 0.08 without
amiloride and was significantly reduced (0.21 0.06; P < 0.02) in
the presence of amiloride in the lumen.
Previously, we and others [8, 10] have concluded that NaC1
transport by macula densa cells involves a furosemide sensitive
Na:2Cl:K transporter. It was therefore of interest to determine if
addition of luminal furosemide affected macula densa intracellu-
lar pH. Presumably this could occur through changes in intracel-
lular [Na] which then would alter Na:H exchange. As shown in
Figure 5, addition of 50 p.M furosemide to the 25 mri NaC1 luminal
perfusate resulted in a significant alkalinization of these cells. The
pH due to this maneuver was 0.11 0.02 (N = 5; P < 0.01). If
the ailcalinization induced by furosemide was due to Na:H ex-
change then it should be sensitive to amiloride. As shown in
Figure 5, 1 mii amiloride reversed furosemide-induced alkaliniza-
tion and significantly acidified macula densa cells by 0.26 0.04
(N = 5; P < 0.04) in the continued presence of furosemide.
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Discussion
The present studies measured intracellular pH in macula densa
cells using the fluorescent probe BCECF. Initial measurements of
intracellular pH were performed in the presence of 25 mM NaCl
in the lumen and 150 mai NaC1 in the bathing solution. Luminal
[NaCl] at the macula densa is thought to be in the range of 20 to
60 m so that pH measurements obtained at a low luminal [NaCl]
may reflect macula densa intracellular pH under physiological
conditions. We found that intracellular pH in macula densa cells
averaged 7.22, a value similar to that obtained in a variety of
epithelial and non-epithelial cells [14}.
Macula densa intracellular pH was sensitive to changes in
luminal fluid [NaCl]. In response to an increase in luminal [NaCl]
from 25 to 150 mM, there was an increase in pH that was sustained
and reversible upon return to the 25 ms NaCl luminal perfusate.
In addition, nearly identical increases in intracellular pH were
obtained when Na alone was increased from 25 to 150 mM. The
most straightforward interpretation of this data is that, like other
renal epithelia, the macula densa cells possess an apical Na:H
exchanger [15—17, 19, 22]. As will be discussed in the accompa-
nying paper [29], an increase in luminal [Cl] can acidify macula
densa cell pH when luminal [Na] is kept constant at 20 mM. It
should be carefully noted that this is exactly opposite to the
alkalinization obtained with increases in either luminal Na or
NaC1. Further experiments show that this acidification, with a
specific increase in luminal [Cl], is due to a stimulation of
Na:2Cl:K contransport which presumbly increases intracellular
[Na] and thereby decreases proton efflux through the apical
exchanger at constant low luminal [Na]. However, when luminal
[Na] or [NaC1] was elevated to 150 m in the present study, there
would be a continued large gradient for Na entry through the
Na:H exchanger inspite of Na:2C1:K contransport-induced
changes in intracellular [Na].
In other experiments, we found a linear increase in macula
densa cell pH when luminal [NaCl] was varied between 25 to 150
mM. We were particularly interested in the fact that changes
macula densa cell pH were linear when luminal [NaC1] was varied
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Fig. 1. Examples of the effects of increases in luminal [NaCI] (A) or just[Na] (B) on macula densa intracellular pH.
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Fig. 2. Summaty of the effect of increasing luminal [NaG!] or just [Na] on
macula densa cell pH. As shown, there was no significant difference
between the effects of NaCI (—0—) or Na (--0--) at constant luminal [Cl].
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Fig. 3. Summa,y of the relationship between luminal [NaC1] and macula
densa celipH. [NaC1] was set at 25, 45, 60, 75, 100, 125, and 150 mM and
osmolality of the solution was kept constant with N-methyl-D-glucamine.
Data were analyzed using linear regression analysis. Experiments were
performed in 6 different preparations. All 7 different [NaCI] were tested in
each preparation.
between 25 and 75 m. Since variations in [NaC1] within this
range may represent normal fluxations in luminal [NaC1] at the
macula densa [23, 24], these results suggest that macula densa
cellular pH may vary in response to normal physiological changes
in luminal [NaC1].
It is now well established that a number of epithelial tissues
possess apical and/or basolateral forms of the Na:H exchanger. In
renal epithelia, the Na:H exchanger is either restricted to the
apical membrane such as in proximal tubular cells [19] or is
present in both apical and basolateral membrane as in LLC-PK1
cells and TAL [20, 21, 30]. In most cells, the basolateral exchanger
has generally been found to have a high affinity for amiloride and
its analogs [30, 31] and is most likely the ubiquitous "housekeep-
ing" form of the exchanger (NHE-1) [321. A distinct isoform of
the Na:H exchanger family, NHE-3, was found to be exclusively
expressed in kidney and intestine and displays an amiloride affinity
that is about two orders of magnitude lower than that of NHE-1
[33—35]. In all likelihood this form of the exchanger is expressed at
the apical membrane of renal and intestinal epithelial cells. In
macula densa cells, 150 mrvi luminal Na alkalinized macula densa
cells and even a large concentration of amiloride (1 mM) reduced
the elevation in pH by only 36% (see Figure 4; ipH of 0.21 vs.
0.33 pH with increased luminal NaC1 in the presence and absence
of amiloride, respectively). For comparison, the apical exchanger
of rat proximal tubules is inhibited by 31 to 33% in the presence
of 0.9 m amiloride and 152 m Na [21, 36]. While amiloride was
found to act as a competitive inhibitor with a K of 33 .LM for the
basolateral exchanger of proximal tubule [36]. In the medullary
TAL, both apical and basolateral exchangers appear to be quite
sensitive to amiloride with 0.5 mi.t amiloride inhibiting 80 to 90%
of exchange activity in the presence of symmetrical 140 mM Na
solution. A low amiloride K of 10.6 jiM (Recalculation of the
amiloride K based on the data in Fig. 8 of Kikeri et al, using a
}çNa of 113.2 m as reported in the same paper gives a value of
6 jiM which is even lower than the reported value of 10.6 jiM.) was
found for the apical exchanger of the medullary TAL which
approaches the range of K reported for NHE-1 [20, 33]. This
indicates that the macula densa cells possess an apical Na:H
exchanger which is resistant to amiloride and, in this characteris-
tic, is similar to the exchanger reported for the brush border
membrane of proximal tubules and dissimilar to the apical
medullary TAL exchanger.
In other studies, we found that, in the presence of 25 mM
luminal NaC1, administration of furosemide resulted in sustained
alkalinization of macula densa cells. As stated earlier, these
results suggest that alterations in furosemide-sensitive Na:2Cl:K
cotransport can alter the pH of these cells. Presumably this
occurs, through a furosemide inhibition of NaC1 cotransport, a fall
in intracellular [Na] and a stimulation of Na entry and proton exit
through the apical Na:H exchanger. As discussed in the accom-
panying paper [29] this lends support to the notion that, in the
presence of 25 mM [NaC1], macula densa cells are absorbing NaC1.
That the effects of furosemide occur through the Na:H exchanger
was further supported by the finding that furosemide-induced
alkalinization was sensitive to amiloride. The addition of amilo-
ride completely reversed the alkalinization obtained with furo-
semide.
The results of these studies suggest that macula densa pH can
be influenced by at least two processes. First, macula densa pH is
sensitive to alterations in luminal [Na]. Low flow rate through the
thick ascending limb would be associated with low luminal [Na]
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Fig. 4. The effects of amiloride (1 mM) on baseline macula densa pH and in
the response of these cells to increases in luminal [NaCI]. Control (—0--) and
amiloride (--0--) studies were performed in 6 paired experiments.
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Fig. 5. The effects of 50 u5i furosemide added to the perfissate on macula
densa pH. Furosemide alkalinized macula densa cells while the addition of
1 mM amiloride reversed the furosmide-induced alkalinization and sub-
stantially acidified these cells. Experiments were performed in 6 different
preparations.
and acidified macula densa cells while high low flow rates would
produce high luminal [Na] and alkalinized macula densa cells.
Second, macula densa cell pH can be influenced by Na:2C1:K
transporter induced changes in intracellular [Na]. Under physio-
logical conditions, an increase in cotransport resulting from
elevated luminal [NaCl] would lead to an increase in intracellular
[Na] and a reduced Na gradient across the exchanger. Enhanced
NaCI cotransport may tend to reduce or counteract the alkalin-
ization obtained by a specific increase in luminal [Na]. Therefore
the net effect of increased luminal [NaCI] would be determined by
the resultant Na gradient across the macula densa cell. Interest-
ingly, changes in luminal or cellular K might have an effect on cell
pH due to the effects of K on cotransport.
The results of these studies help to further define the transport
characteristics of macula densa cells. Recent evidence suggests
that the apical membrane contains a Na:2C1:K cotransporter and
a K channel while the basolateral membrane has a predominant
chloride conductance. The results of these studies now indicate
that these cells contain an apical Na:H exchanger that can alter
intracellular pH in response to changes in luminal [Na]. Although
its role in tubuloglomerular feedback awaits to be defined, it is
interesting that this exchanger links changes in luminal [NaCI]
with intracellular pH, a clearly important intracellular messenger
system.
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